Background: Anopheles albimanus is an important malaria vector in some areas throughout its distribution in the Caribbean and the Pacific regions of Colombia, covering three biogeographic zones of the neotropical region, Maracaibo, Magdalena and Chocó.
Multiple factors could explain why An. albimanus has not been recently incriminated as a malaria vector in the Caribbean region: (i) because the number of human malaria cases reported from this region is lower than from the Pacific [1] , more focused vector incrimination studies in this area are needed, (ii) Caribbean populations of An. albimanus could be more zoophilic because of extensive cattle ranching [3, 5] , (iii) different Anopheles species could be involved in malaria transmission at a local or regional level in the Caribbean coast [4, 14, 15] , (iv) local adaptation between mosquito host and parasite could exist, as demonstrated in southern Mexico where reciprocal selection has led to local adaptation of P. vivax, and parasite populations are most compatible with their sympatric mosquito species (e.g., An. albimanus versus Anopheles pseudopunctipennis) [16] , (v) the geographic, ecological and climatic differences between the regions could promote population differentiation of An. albimanus in Colombia and/or, (vi) demographic events could have influenced the current An. albimanus distribution and its role as a malaria vector in Colombia.
Interactions between changes in climatic conditions over large time scales with geographic features, sea level changes and contemporary factors such as human migration have influenced the distribution and diversification of different species [17] [18] [19] [20] [21] [22] . For example, it has been suggested that the genetic differences detected in Anopheles darlingi, another important neotropical malaria vector, were affected by climate change at the end of the Pleistocene [23] , Brazilian Amazon biogeography [24] , and geographic barriers [25, 26] . Similarly, studies of An. albimanus from Central and northern South America reported high variation in the intergenic spacers of nuclear ribosomal DNA [27] and differentiation between Central and South America using microsatellite loci and a mitochondrial DNA (mtDNA) marker [28, 29] . Within Colombia, isoenzyme analyses revealed higher variability in Caribbean populations of An. albimanus than in Pacific populations and some loci showed significant allele frequency differences between these regions. However, cytogenetic data showed the same chromosomal banding patterns in all populations in the two regions, suggesting con-specificity in Colombia [30] .
Several recent mtDNA studies have provided detailed accounts of species population structure and history [23, 26, [31] [32] [33] , while studies based on highly polymorphic microsatellite loci have shown great potential for the evaluation of gene flow between populations of anophelines at a finer geographical and evolutionary scale [24, 25, [34] [35] [36] . Such studies have potential applied benefits, guiding and informing mosquito control strategies, such as the release of genetically modified mosquitoes refractory to the malaria parasite and the spread of insecticide resistance genes [37, 38] . However, no mtDNA anal-yses or microsatellite loci information about malaria vector populations are available in Colombia. The taxonomic status of An. albimanus as a single lineage as defined by De Queiroz [39] is not disputed; however, additional detailed studies of inter-population genetic diversity could provide essential information about both historical and current distributions and processes affecting this species. Therefore, a focused population genetics and micro-evolutionary study of this important vector was conducted, using mtDNA cytochrome oxidase subunit I (COI) gene and four microsatellite markers, to address the hypothesis that historical and contemporary ecological and demographic processes may have led to some level of population differentiation of An. albimanus in the Caribbean and Pacific regions of Colombia. These data provide evidence for restricted past gene flow between the Caribbean and Pacific regions of Colombia as estimated by COI analysis, and contemporary gene flow among the regions as measured by four microsatellite markers (MS). Table   1 ): Los Achiotes (ACH), Moñitos (MON), Santa Rosa de Lima (SRL), Nuquí (NUQ), Pizarro (PIZ), Buenaventura (BUE) and Tumaco (TUM). For details on sampling strategy and species identification see Gutiérrez et al [4] . Additional specimens collected in 2007 (Gutierrez et al, unpublished data) from Turbo (TUR), Antioquia, were also included ( Figure 1 , Table 1 ). Human landing catches of adults were conducted under an informed consent agreement using a protocol and collection procedures that were reviewed and approved by a University of Antioquia (SIU-UdeA) Institutional Review Board. ACH, SRL and MON are in the Maracaibo biogeographic province, NUQ, PIZ, BUE, and TUM are in the Chocó biogeographic province and TUR is in the Magdalena biogeographic province [6] . For COI sequencing samples from all sites were used, with individuals from Alto Guandipa in Mosquera (MTU) and La Ensenada in Santa Bárbara (STU), both sites in Tumaco, analysed as a single population (indicated as TUM; Figure 1A ). For MS analysis, PIZ was excluded because there were not enough specimens with successful PCR amplification; STU and MTU from Tumaco were analysed separately because they are ~50 km apart ( Figure  1B ). Approximately 50% of the mosquitoes (randomly selected) included in this study were confirmed as An. albimanus using an ITS2-PCR-RFLP based assay [40, 41] . A) Distribution of collection localities of An. albimanus DNA extraction, COI gene amplification and sequencing DNA was extracted from individual mosquito abdomens following a salt precipitation protocol [42] . The DNA was then resuspended in 25 μL of TE buffer (10 mM Tris, 1.0 mM EDTA) and stored at -20°C. A 1,300-bp segment of mtDNA COI gene was amplified by PCR using primers UEA3 5'-TAT AGC ATT CCC ACG AAT AAA TAA-3' and UEA10 5'-TCC AAT GCA CTA ATC TGC CAT ATT A-3' [43] . The PCR was performed in 25 μL containing 2 μL of DNA, 0.2 μM each primers, 1× reaction buffer, 1.5 mM MgCl 2 , 0.1 mM each dNTP, and 1 U Taq polymerase (Bioline, London, UK). The cycling conditions were: 5 min denaturation at 94°C, followed by 36 cycles of 1 min denaturation at 94°C, 1 min annealing at 50.2°C, and 1 min 15 seconds extension at 72°C, ending with a final extension at 72°C for 7 min. The PCR products were purified using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI), following the protocol recommended by the manufacturer. Both strands of the purified PCR products were sequenced, with a region of ~600-bp overlap, for 220 individuals. Only DNA sequence segments with higher than 30 Phred values [44, 45] were used in the analyses. The forward and reverse chromatograms were manually corrected using the electropherogram viewer Chromas Lite © [46] . Sequences from each mosquito were assembled by pairwise alignment using BioEdit Sequence Alignment Editor [47], then multiple alignment was performed using ClustalX [48] . Unique haplotypes were determined using DAMBE, version 4.5.68 [49] ; identical sequences were considered to be a single haplotype.
Methods

Sampling strategy
Microsatellite genotyping
The An. albimanus mosquitoes genotyped from each locality were selected randomly. Four di-nucleotide microsatellite (MS) loci described for An. albimanus by Molina-Cruz et al [29] , were genotyped: 6-41, [57] . Statistical significance for HWE and linkage disequilibrium (LD) for each pair of loci was assessed using exact probability tests available in GENEPOP version 4.0 [58] . Whenever multiple comparisons were carried out simultaneously, the sequential Bonferroni procedure [59] was applied.
Population differentiation test
Using COI and MS data, genetic differentiation between populations was measured by estimating the fixation index F ST , using Arlequin software, and the significance was tested by permutation tests (10,000 replicates). Inbreeding coefficient (F IS ) for each locus and overall loci by population [60] and the number of migrants per generation (Nm) between localities were also calculated in Arlequin. Effective population size (Ne) was estimated for each population under two methods, heterozygosity excess (HE) and linkage disequilibrium (LD) using NeEstimator software version 1.3 [61] . Geographical coordinates and distances of each sampling location were obtained using Google earth ® software [62] , and the programme SAMOVA 12.02, Spatial Analysis of Molecular Variance, was used to maximize the proportion of total genetic variance due to differences between groups of populations as well as identifying possible genetic barriers between them, without prior information of the sampling locations as is necessary for AMOVA [63] . Analysis of Molecular Variance (AMOVA) was used to examine population variation among, within, and between collection sites. The probability that a sampled individual belonged to each reference population was estimated using assignment statistics in Geneclass 2.0 [64] . The Bayesian method of Rannala and Mountain [65] was selected as the computation criterion and the re-sampling algorithm; the method was performed with a minimum number of simulated individuals of 10,000 and a type I error of 0.01. In addition, the BAPS 5 programme (Bayesian Analysis of Population Structure) was used for Bayesian inference of genetic structure and admixture analyses performed for the An. albimanus populations [66] . A dendogram based on MS genetic distances was constructed using the Unweighted Pair Group Method Arithmetic average (UPGMA) cluster analysis in TFPGA programme version 1.3 [67] to test the genetic relationship among different populations. The correlation between genetic distance estimated from MS and geographical distances, assuming isolation by distance, was evaluated by the regression F ST / (1-F ST ) on the natural logarithm (Ln) of pairwise geographical distances between collection sites. Significance of the correlation coefficient was assessed applying the Mantel test (10,000 randomizations) [68] using the Isolation By Distance Web Service version 3.15 [69] .
Demographic inference and neutrality tests
DnaSP and Arlequin software were used to test the hypothesis that all mutations on COI gene are selectively neutral [70] , employing Tajima's D [71] and Fu's F s [72] . Confidence intervals were tested by 10,000 coalescent simulations. Analyses for constant size and for growing populations were carried out to determine the distribution of the observed pairwise nucleotide site differences or mismatch distribution and the expected values (at equilibrium for no recombination) in a stable population or in growing and declining populations. Statistically significant differences between observed and model distributions were evaluated with the Sum of Squared deviation (SSD) and the raggedness statistic (r) [73] to reject the hypothesis of demographic expansion. Time since the population expansion can be estimated from t = τ/2μ, where τ (tau) is the date of the growth or decline measured in units of mutational time [τ = 2μt; t is the time in generations, and μ is the mutation rate per site (sequence size) and per generation] [74, 75] . To analyse patterns of An. albimanus population history, haplotype networks were estimated by a parsimony-based method, which calculates the maximum number of mutational connections between pairs of sequences by the 95% parsimony criterion using the TCS computer software [76] . To obtain the most likely connection between two haplotypes and resolve some ambiguous loops in the network, several recommendations were followed [77] [78] [79] . Also, data were analysed using a neighbour-net network, which constructs split networks from inferred distance matrices, in the computer programme SplitsTree4, version 4.10 [80] and a neighbour-joining (NJ) algorithm was used to generate a tree in PAUP Version 4.0 [81] based on the genetic distance between haplotypes. For the latter method some analyses including an outgroup [82] were performed with COI gene sequences of An. darlingi collected from Colombia (unpublished data). The NJ tree and neighbour-net network analyses were performed with 1,000 bootstrap replications under the probability model identified using Modeltest. MS data were also used to estimate demographic processes such as recent population bottleneck and/or expansion, and heterozygosity tests were used to analyse deviations from Mutation-Drift Equilibrium (MDE) for each sample across all loci. At selectively neutral loci, the expected heterozygosity calculated from allele frequencies data (He) assuming HWE, and from the number of alleles and sample sizes (Heq), assuming a population at MDE, are expected not to be significantly different. [23] , and the above parameters were adjusted to construct the split networks from inferred distance matrices and the neighbour-joining analyses.
Although diversity values were low overall, Pacific region populations had higher nucleotide diversities (0.0098, range 0.0078-0.0152) than Caribbean populations (0.0035, range 0.0028-0.0038), and haplotype diversity values were similar. There were 112 unique haplotypes (Table 2) , 16 shared between different localities (named in order of frequency using capital letters), with the remainder exclusive to a particular geographic site ( Figure  2 , Table 2 ). In concordance with the parsimony-based network, the distance-based haplotypes networks (data not shown) and neighbour-joining tree ( Figure 3 ) illustrated mainly two distinctive groups, corresponding to samples from the Caribbean or the Pacific regions.
For MS analyses, 280 An. albimanus were genotyped and the four microsatellite loci were polymorphic in all collection sites studied ( Figure 1B ). The number of alleles per locus ranged from three to twelve: locus 6-41 showed the lowest value and 1-90 the highest ( 
Genetic structure and differentiation
In the AMOVA analyses using haplotype frequencies with the eight populations separated into two groups, including TUR in the Caribbean region, 5.85% (p < 0.05) of the total variance was explained at the among regions level. When populations were separated into two groups, including TUR in the Pacific region, only 3.86% (p < 0.05) of the total variance was due to the variation among regions ( Table 4 ).
The F ST value estimated from COI sequences for the comparison between the Caribbean and Pacific regions was 0.07 (p < 0.05), and most of the pairwise comparisons of F ST between localities were significant; however, no significant F ST values at p < 0.01 were observed in comparisons between SRL, MON and TUR from the Caribbean coast, or between NUQ, PIZ and BUE from the Pacific coast (Table  5) . Estimates of pairwise genetic differentiation (F ST ) and gene flow (Nm) among populations using MS data are shown in Figure   4A ). In agreement with SAMOVA data, the UPGMA dendogram based on genetic distances showed two distinctive groups in which ACH, SRL and MON constituted a cluster (82% support) and TUR, NUQ, BUE, STU and MTU were included in a second one at 61% support ( Figure 4B ). Given the number of MS loci tested in this study and in the low support values for the UPGMA dendogram, the possibility that data on the apparent relationship between populations from the Caribbean and Pacific regions may be biased cannot be excluded. However, BAPS clustering was also congruent with the results obtained by SAMOVA and UPGMA analyses, which proposed two groups without admixture among them, except for TUR which showed signs of admixture with both. AMOVA was con- AMOVA corresponding to two groups: the Caribbean and the Pacific samples (excluding TUR), showed the highest percentage of the total variance and F ST value, 4.3% (p < 0.05) and 0.06049 (p < 0.05), respectively ( Table 4) . Results of the assignment statistics showed that on average 28.6% (80 of 280) of the individuals were correctly assigned to their original reference site. Samples from STU and BUE presented the highest proportion of correctly assigned individuals (38%). In general, mis-assignments occurred between samples of the same region, either the Caribbean or the Pacific (Table 7) .
A correlation test between genetic distance based on MS loci, measured by F ST /(1-F ST ), and the geographic distance 
Demographic inference and neutrality tests
The most common haplotypes were A (n = 27), exclusively Caribbean, and B (n = 24), exclusively Pacific. Three localities (TUR, NUQ and BUE) share haplotypes H and M from both regions ( Figure 2 , Table 2 ). Haplotypes from the two regions differed by more than 13 mutational steps. Interestingly, the shared haplotypes (H, M) and the Pacific haplotypes J, P38, B357, B857 and N2865 clustered with the Caribbean region (Figure 2 ). Haplotypes A and B were the most common interior haplotypes and so are most likely to be ancestral [87] . The majority of haplotypes in both regions were tip alleles, considered to be more recently derived and geographically restricted [77, 87] . In addition, private haplotypes located peripherally are suggestive of a demographic expansion [72, 75] within the Caribbean region with subsequent limited gene flow between the two regions. In general, the parsimony-based network (Figure 2) , distance-based haplotype networks and neighbour-joining tree ( Figure 3 ) consistently show two distinctive groups, with a large starshaped Caribbean network surrounding haplotype A, a smaller network around haplotype C, and a small Pacific network surrounding haplotype B. In the NJ tree, the Caribbean haplotypes were supported at 86% and the Pacific haplotypes at 98% (Figure 3 ), and the bootstrap support level was 99.9% for the branch that connects Caribbean 
Discussion
Distinctive evolutionary genetics and demographic history evidence Nucleotide diversity values for An. albimanus COI sequences, including synonymous and non-synonymous changes, were similar to those found for An. darlingi COI sequences from Central and South America [23] , An. gambiae [84] and other species within the Insecta class. In particular, all are characterized by having an adeninethymine rich mitochondrial genome. Anopheles albimanus COI sequences presented a combined frequency of ~70% AT. The results show that An. albimanus populations from the Caribbean and Pacific regions in Colombia have moderately high genetic diversity, in contrast to the lower diversity in Pacific localities detected using isozymes [30] . This difference is likely a result of the greater sensitivity of DNA markers to detect genetic variability, since DNA polymorphic sites are not necessarily seen at the protein level [90] . Nucleotide diversity was higher in most of the Pacific populations; this may indicate that different An. albimanus maternal lineages invaded these two Colombian regions at different times and (or) that the Pacific populations are older relative to the Caribbean ones, perhaps most closely related to populations from Cuba and Central America, which had similar values using ND5 sequence [29] .
Panmictic populations of An. albimanus (within ~665 km) had been observed in Central America, Costa Rica and Panama, Colombia and Venezuela. It appears that An. albimanus populations have had different periods of isolation followed by secondary contact throughout the species range in America [27] [28] [29] . The data showed some haplotypes from Pacific populations clustering with the Caribbean group (Figure 2) , possibly a genetic signature of a panmictic gene pool that existed before the late Pleistocene. Multiple factors may be responsible for the observed distribution and frequency of haplotypes from the Caribbean and Pacific regions in Colombia. Most haplotypes are not shared between regions, perhaps because of the distance between populations (>200 km), distinctive demographic history, human impact (insecticide use could have led to local haplotype extinctions) and/or distinctive ecological conditions in each region. Previous mtDNA analysis of An. albimanus did not detect a significant correlation between genetic and geographic distance [29] . Although, genetic differences and geographical distances were not directly compared because the popula- tions were not in MDE, distance did not appear to be a significant factor affecting the data.
The neutral model is rejected for the Caribbean populations, indicating possible previous population expansion and/or natural selection. In general, all tests illustrate two distinctive groups, corresponding to haplotypes from the Caribbean and from the Pacific regions. The data did not show significant differences between An. albimanus populations from TUR, located in the Magdalena province as described by Morrone [6] , and the other populations from the Caribbean coast. The relatively strong mtDNA support for expansion in the Caribbean An. albimanus populations may indicate different demographic histories for this species in these two regions of Colombia, and the AMOVA support for variance resulting from these two groups is significant, albeit low. Population expansion for An. albimanus from the Caribbean coast in Colombia is estimated to the late Pleistocene, similar to An. darlingi [23] .
Contemporary population structure
Microsatellite loci used in this study have not been physically mapped in An. albimanus polytene chromosomes, consequently, their location on chromosome inversions is unknown and neutrality cannot be assumed [91] . Chromosomal inversions have not been detected in An. albimanus and it is conspecific along its distribution [30, 92] ; however, the microsatellite loci analysed in this study were highly polymorphic (Table 3) , showing their usefulness for evaluating the population structure of An. albimanus in Colombia.
Significant departures from HW equilibrium were detected associated with heterozygote deficits (Table 3) , similar to that reported in other anopheline microsatellite studies [25, 29, 34, 93, 94] . Heterozygote deficits are attributed to either significant inbreeding, Wahlund effect, natural selection or the presence of null alleles [24, 95, 96] . Inbreeding as the possible cause of heterozygote deficits is not considered due to the fact that it affects all loci equally, which is not compatible with the heterogeneity detected in this study (Table 3 ). The Wahlund effect refers to reduction of heterozygosity in a population caused by subpopulation structure [97] . In the data, SAMOVA, UPGMA and BAPS based on MS loci identified some degree of population subdivision, mainly among the Caribbean and the Pacific regions, and within the Pacific region, thus a part of the heterozygote deficits detected could be the result of Wahlund effect. High levels of heterozygote deficits could also be the result of null alleles, as a result of accumulation of mutations in the primer binding sites [34] . In this study, there was failure of amplification of different loci for some specimens; however poor DNA quality was discarded as a cause, similarly, MolinaCruz et al [29] , observed similar cases of amplification failure. In summary the most likely causes of heterozygote deficits in the present study were null alleles and Wahlund effect.
The moderate level of population differentiation detected (F ST ) was not observed with isozyme markers [30] . In theory, the analysis of a low number of loci could potentially increase population differentiation values (F ST ), but at the . The data showed that in addition to the differences in the demographic history of each region, the presence of semipermeable biogeographic barriers, could contribute to the differentiation observed using MS.
In general, in the Caribbean region, there was low genetic differentiation, partly explained by the high Ne, that could have increased gene flow and decreased population genetic structure [24] . IBD was the model that best explained differentiation among ACH, SRL and MON; however, if TUR was included in the analysis, the resulting data did not fit this model. TUR, the most genetically distant Caribbean region population, (Figure 4B ), could be influenced by its location in Magdalena biogeographic province [6] , and by differences in the effective population sizes. Similarly, low non-significant differentiation was observed among the Pacific region populations between NUQ-STU (362 Km), NUQ-MTU (371 Km) and BUE-MTU (217 Km) (Table 5 ) and the level of differentiation observed was not congruent with IBD.
A significant level of differentiation among the populations closer to BUE was detected, probably influenced by ecological characteristics [5] that could reduce gene flow with NUQ and STU ( Figure 1B-E [36] and An. darlingi [34] . In this study, the heterozygosity test did not detect a significant departure from equilibrium for most of the populations. Nevertheless, under the TPM model, there was evidence of a bottleneck for NUQ which was not sustained by the SMM and IAM models and in disagreement with the effective population size observed, perhaps because of the mutational model and low number of analysed loci [83] . Under the SMM model, the STU population appears to be expanding, consistent with the effective population size.
The Ne calculated under the HE model assumes equilibrium [107] . Some of the Caribbean and Pacific populations were at H-W disequilibrium for some loci; it is possible that the departure from equilibrium influenced the values detected with HE, nevertheless, the confidence intervals obtained with LD agreed with those of HE. In general, high Ne values were obtained for all localities and on average, the effective population size (Ne = 308 individuals) was three fold higher than in the study with An. albimanus from Central and South America (Ne = 96 individuals) [29] . For TUR and the Pacific region populations, except BUE, an infinite Ne was obtained under both models. According to Donnelly et al.
[99] heterogeneity in the Ne could contribute to the levels of population genetic differentiation seen in this study. Similarly, Ne heterogeneity has been reported for An. darlingi [24, 34] and within the An. gambiae complex [108] [109] [110] [111] . In An. gambiae, the Ne heterogeneity observed in the savana cytotype was demonstrated to be region specific [111] . In the present study, high Ne might be associated with a wide availability of breeding places that are suitable for An. albimanus, such as lakes, ponds, mine excavations and fish ponds [3, 112] . The high precipitation levels characteristic of the Pacific region [5] , could contribute significantly to the availability of a variety of breeding sites for An. albimanus.
Conclusion
The genetic diversity of Caribbean and Pacific populations of An. albimanus detected using COI gene sequences appears to be mostly influenced by demographic events in An. albimanus populations during the late Pleistocene. The data indicated little to moderate genetic differentiation among An. albimanus populations from the Caribbean and the Pacific regions. Current gene flow patterns may be mainly influenced by semi-permeable natural barriers in each biogeographical region that lead to the genetic differences and effective population sizes found in this study.
Current hydrological and climatic variation in Colombia is a factor associated with malaria outbreaks for multiple localities throughout endemic regions of the country [113] . Therefore additional studies could test the influence of specific ecological and climatic conditions on the genetic differentiation in An. albimanus populations from the Caribbean and Pacific regions. It would also be of interest to examine additional populations of other Anopheles species to evaluate the generality of these patterns and to test the hypothesis that Caribbean expansion occurs among the Anopheles species whose distributions include these Colombian geographic areas.
In summary, this study showed current patterns of gene flow among the different An. albimanus populations from Colombia. This knowledge could be applied to existing vector control strategies since data on vector population genetics allow the inference of the spread of genes important for insecticide resistance or refractoriness to malaria parasites. In addition, this information contributes to the understanding of the epidemiology and the dynamics of disease transmission [99] . Moreover, effective population sizes calculated in this study may be used to evaluate local control measure effectiveness.
